Abstract
Introduction
Barnegat Bay-Little Egg Harbor (BB-LEH) Estuary, New Jersey (Figure 1) , is a eutrophic coastal lagoon [1] - [9] . Over the past two decades, the eutrophic condition of the estuary has increased, and it is now classified as a highly eutrophic system [4] - [6] [9] [10] . This 280 km 2 estuarine water body is susceptible to nutrient loading because it is shallow, poorly flushed, and bordered by a highly developed and altered watershed (1730 km 2 area) that acts as a conduit for nutrient transport to the estuary. More than 585,000 people inhabit the BB-LEH Watershed (up from ~108,000 in 1960), which exhibits a conspicuous north-south decreasing gradient in population density and development [7] [11] [12] . About 34% of the watershed is now developed, up from ~19% in the early 1970s. Total nitrogen concentrations in the estuary are positively correlated with nitrogen loading from the watershed, which peaks in the northern segment [9] [13] [14] .
Nitrogen enrichment is a major driver of ecological change in BB-LEH, as well as other coastal lagoons in the mid-Atlantic region (USA) and elsewhere, being linked to an array of adverse impacts including depleted dissolved oxygen, harmful algal blooms (HABs), heavy epiphytic growth, loss of habitat, reduced biodiversity, declining fisheries, imbalanced food webs, and diminished ecosystem services [15] - [18] . Such cascading effects can significantly alter the structure and function of these productive systems.
Total nitrogen loading to BB-LEH from the surrounding watershed ranged from ~455,000 to 857,000 kg TN yr −1 between 1989 and 2011, with the loading generally increasing through time [7] . Highest loading in the northern segment of the estuary occurred in closest proximity to the most heavily developed areas of the watershed. Elevated total nitrogen levels were also detected in the southern segment of the estuary [7] [9] . Nutrient enrichment elicits negative responses in seagrass habitat due to accelerated algal growth, epiphytic infestation, light attenuation, and shading of the estuarine floor. Seagrass plays a major ecological role in the estuary, but has declined significantly in recent years [6] [8] [9] [19] [20] . Eutrophication left unabated can lead to permanent alteration of biotic communities and habitats, as well as greater ecosystem-level impacts [18] . The decline of seagrass beds is a serious concern in any estuary because of the multiple ecosystem services that they provide, notably major sources of primary production, food for waterfowl and other organisms, essential habitat and nursery areas for numerous fish and invertebrates, filters of chemical substances, agents in biogeochemical cycling, and buffers against wave and current action as well as sediment erosion [21] - [23] . These vascular plants are also important indicators of overall ecosystem health of an estuary because they integrate water quality and benthic attributes [23] - [26] .
In this study, Zostera marina's (eelgrass) characteristics (i.e., shoot density, aboveground and belowground biomass, blade length, and areal cover) and water quality conditions (i.e., temperature, salinity, pH, dissolved oxygen, and depth) were measured during 2012 and 2013 along 9 transects (10 stations each, 90 sampling stations total) in BB-LEH (Figure 1, Table 1 ). The measurements of Z. marina's characteristics were compared with those of previous years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . More specifically, spatial and temporal trends of Z. marina's characteristics were compared for years before and after major fertilizer legislation (Fertilizer Law A2290) was enacted in New Jersey in January 2012 to protect surface and ground waters in the state from impairment due to nitrogen and phosphorus loading derived from fertilizers [27] .
Background
Nitrogen loading stimulates algal growth and epiphytic loading which cause light attenuation and shading of seagrass in the estuary [8] [9] [28] . Blooms of drifting, ephemeral macroalgae (e.g., Ulva lactuca, Enteromorpha intestinalis, Gracilaria tikvahiae and other species) produce thick canopies over the estuarine floor that pose a potential danger to seagrass beds by smothering the plants, blocking light penetration, and reducing photosynthesis [5] [13] [19] [28] . Additionally, the accumulation of these macroalgal mats on the estuarine floor can increase sediment sulfide concentrations due to microbial decomposition in anoxic, organic-rich sediment; this process is often detrimental to seagrasses and benthic infauna [17] [26] . Seagrass photosynthesis, metabolism, and growth are negatively affected by sulfide build up in bottom sediments, frequently leading to a decrease in the depth penetration of seagrasses in eutrophic systems [26] [29] [30] .
Detailed investigations of Z. marina in BB-LEH have revealed significant declines in plant characteristics (shoot density, aboveground and belowground biomass, and areal cover) during the 2004 to 2011 period in response to nitrogen enrichment [6] [8] [9] [19] , when up to 150 stations were sampled each year in the estuary [32] ). In addition, after an extended progressive decline, Z. marina mean aboveground and belowground biomass values in 2010 fell to very low levels in the estuary, being more than 85% and 65% lower, respectively, in October-November 2010 than in June-July 2004. For example, the lowest aboveground and belowground values over the decade of study occurred during 2011-2013 ( Table 2 early bloom (70% -80% macroalgal cover) and full bloom (>80% macroalgal cover) events [28] . These blooms resulted in increased mortality of Z. marina, leading to reduced biomass and more bare-bottom areas within the beds. Furthermore, epiphytic growth on seagrass was elevated, with the mean percent cover of seagrass leaf surfaces ranging from 10.7% to 38.3% during 2009 and 2010, and exceeding 48% in 2011. The loss of seagrass has eliminated essential habitat for hard clams, bay scallops (Argopecten irradians), and other benthic and demersal organisms. Seagrass beds now cover 5260-ha of the estuarine floor [20] .
Methods
Biotic and water quality samples were collected in the estuary at 10 equally spaced stations along each of 9 east-west transects (90 stations total, Figure 1 ) sampled three times over the June-November period in both 2012 and 2013.Quadrat, core, and hand sampling was used to collect seagrass samples. We followed the standard Seagrass Net monitoring and sampling protocols of Short [33] , although sampling transects were positioned perpendicular to the shore rather than parallel, to identify differences along a clearly defined depth gradient. During each sampling period in both years (June-July, August-September, and October-November), an array of abiotic data was collected in addition to the aforementioned seagrass data; Secchi depth was measured using a Secchi disk, while temperature, salinity, pH, dissolved oxygen, and depth were measured with a handheld YSI 600 XL datasonde coupled with a handheld YSI 650 MDS display unit ( Table 1) .
A 0.25-m 2 metal quadrat was randomly tossed at each sampling station to obtain measurements of Z. marina shoot density, biomass, blade length, and areal cover. To determine the area within the quadrat covered by Z. marina, a diver estimated the percentage of the quadrat area covered by this species in increments of 5 along a scale of 0 to 100. Subsequently, the diver visually examined the bottom area and vegetation within the quadrat for the occurrence of boat scarring, grazing, epiphytic loading, wasting disease, and shellfish occurrence. A digital camera was employed to image the sampling station to validate the diver observations. Subsequently, 5 replicate Z. marina blades were collected within the quadrat for length measurements. A 10-cm diameter PVC coring device was used to collect eelgrass samples for biomass measurements, with care taken not to cut or damage the aboveground plant tissues. The diver-deployed corer extended deep enough in the sediments to extract all belowground fractions (roots and rhizomes). Each core was placed in a 3 mm × 5 mm mesh bag and rinsed to separate plant material from the sediment. After removing the Z. marina blades from the mesh bag, the sample was placed in a labeled bag and stored on ice in a closed container prior to transport back to the Rutgers University Marine Field Station (RUMFS) in Tuckerton.
In the laboratory, the Z. marina samples were carefully sorted and separated into aboveground (shoots) and belowground (roots and rhizomes) components. The density of Z. marina shoots was then determined. Aboveground and belowground fractions were oven dried at 50˚C -60˚C for a minimum of 48 hours. Dry weight of aboveground, belowground, and epiphyte biomass (g dry wt m −2 ) was measured to the third decimal place. Three-way ANOVA (transects, years, and sampling periods = class variables) was conducted to test temporal and spatial changes across all 90 sampling stations for Z. marina characteristics (shoot density, aboveground and belowground biomass, blade length, and areal cover). The cutoff for statistical significance was p < 0.05, unless otherwise noted. ) sampling periods ( Table 2) . Shoot densities were higher during each sampling period in 2012 than in 2013. 
Biomass
The biomass of Z. marina varied considerably both in space and time during the 2012 study period ( Table 2) . The aboveground and belowground biomass measurements were highest during the June-July sampling period; the mean aboveground biomass at this time was 21.4 g dry wt m 
Eelgrass Blade Length
The highest mean length of Z. marina blades in 2012 occurred during the June-July sampling period (24.5 cm) ( Table 2 ). The length of Z. marina blades generally decreased from south to north in the estuary. The highest mean length of Z. marina blades (26.7 cm) was recorded at Transect 8, and the lowest mean length of Z. marina blades (13.2 cm) was documented at Transect 12.
Areal Cover
The mean percent cover of Z. marina peaked during the June-July sampling period in 2012, amounting to 22.7% (Table 3) . Progressively lower mean percent cover was found during the August-September (13.7%) and October-November (10.3%) sampling periods. The percent cover of Z marina was variable among the sampling transects, although it was consistently highest at sampling stations along Transect 6 (Mean = 61%). Table 2 ). The highest shoot density measurements were found during the June-July sampling period at the time of maximum plant biomass, as was the case in 2012. Table 2 ).
Survey

Biomass
Eelgrass Blade Length
The highest blade lengths of Z. marina in 2013 occurred during the October-November sampling period (Mean = 23.1 cm). The lowest blade lengths were recorded during the August-September sampling period (Mean = 20.6 cm). Intermediate values were documented during June-July (Mean = 22.6 cm). The length of Z. marina blades was highest at sampling stations along Transect 8 (Mean = 32.9 cm) and lowest along Transect 12 (Mean = 12.2 cm) ( Table 3 ).
Areal Cover
In 2013, the mean percent cover of Z. marina peaked during the June-July sampling period (Mean = 15.8%). It was lowest during the August-September sampling period (Mean = 9.9%). Intermediate percent cover values were recorded during the October-November sampling period (Mean = 12.4%) ( Table 3) .
Transect 6 had the highest percent cover of Z. marina in 2013 (Mean = 38.3%). The lowest percent cover was documented at Transect 12 (Mean = 0.8%). The northern transects exhibited lower percent cover values than the southern and central transects ( Table 3) .
Discussion
Plant characteristics of Z. marina (shoot density, aboveground and belowground biomass, blade length, and areal cover) measured in 2004-2011 ( Table 2) ) [7] . Nutrient enrichment in the estuary is a significant driver of change in eelgrass characteristics [6] [8] [9] .
Studies of coastal lagoonal systems, such as BB-LEH, show that environmental impacts escalate with increases in development and the amount of impervious cover in surrounding coastal watersheds. A watershed impact threshold is exceeded when the amount of impervious surface cover is greater than 10% [34] . Development of the BB-LEH Watershed now amounts to ~34% (up from ~19% in the early 1970s), and impervious land cover exceeds 10% (Center for Remote Sensing and Spatial Analysis, Rutgers University). Land use and land cover changes in the watershed have been substantial over the past few decades [14] .
The population growth in Ocean County increased from 108,241 in 1960 to 576,567 in 2010 and 586,300 in 2015. Between 1980 and 2010, the population in the county increased by more than 66%. During the summer months, the population in Ocean County increases to ~1,500,000 people as noted by the Ocean County Planning Board, and the eutrophication problems in the estuary escalate [6] . Dramatic land use and land cover changes have occurred in the BB-LEH Watershed concurrently with population growth over the past three decades. Therefore, ecological impacts in the estuary are to be expected with increasing land alteration in the watershed [5] [19] [35] . The BB-LEH Estuary is an ecologically impacted system due to eutrophication. This is manifested by declining ecological conditions such as significant loss of seagrass habitat, increasing algal blooms, and diminishing ecosystem services. ) [8] . Low eelgrass biomass, shoot density, and areal cover continued in the estuary through the last sampling period, October-November 2013 [10] .
Conclusions
The decline of seagrass beds is a serious concern in BB-LEH because of their multiple ecosystem services, notably major sources of primary production, food for waterfowl, essential habitat and nursery areas for numerous fish and invertebrates, filters of chemical substances, agents in biogeochemical cycling, and buffers against wave and current action as well as sediment erosion. The decline in plant parameters is evident in all eelgrass beds investigated, indicating that an estuary-wide stressor is responsible, most notably nutrient enrichment and escalating eutrophication.
As noted by Lathrop et al. ([20] , p. 307), "Determining the causative factors for seagrass decline and expansion can be difficult in that seagrass habitat integrates the ecological signal over a multi-year period of time." Hence, a dedicated and focused monitoring program is needed to determine the long-term primary stressors and drivers of change in seagrass habitats of this coastal lagoon.
